This study investigates the effects that manganese(IV) dioxide increased, the rate of reductive dissolution increased, although not proportionally; thus indicating that a majority of the active sites had been occupied. In addition, the results tend to confirm that electron transfer/organic release from the oxide surface is the rate-limiting step. This study demonstrates that in an oxic environment and in the presence of 2,3-naphthalenediol, MnOo particles undergo reductive dissolution; in the process, naphthalenediol is oxidized. An oxidation by-product of reductive dissolution is an insoluble polymerized organic. The organic by-product was deep-brown in appearance, very similar to that of "humified" material. Using infrared spectroscopy, energy-dispersive x-ray analysis, and a microelemental analysis, the "humified" products appeared to be comprised mainly of constituents originating from naphthalenediol.
INTRODUCTION
Manganese(III/IV) is widely distributed within the environment. Because of its redo.x potential, Mn is frequently involved in redox reactions that take place at the mineral/water interface; as such, overall rates of organic oxidation depend on the organic/surface-oxide inter-FIGURE 1 . Illustrative Example of Humus [14] .
Similar results were documented in biotic studies where chemical binding involving humic material was reported [10] [11] [12] [13] . Bollag and Myers [10] concluded that polymerization of xenobiotics in the humification process is possible because many of the degradation products of organics (e.g., pesticides) result in the formation of reactive intermediates with structures and/or functional groups similar to those found in natural humic material (see Figure 1 ).
More information is required regarding the reaction between multiple-ringed aromatics and metal oxides. The purpose of this study was to address one aromatic chemical and to investigate its interaction with Mn oxide particles with respect to changes in pH and organic substrate concentration. In addition, this study was to investigate the potential for the formation of insoluble polymerized organic products resulting from the reductive-dissolution process.
METHODS AND MATERIALS
Unless otherwise stated all solutions were prepared from reagent grade chemicals and deionized distilled water (DDW) and filtered with a 0.2-/im-pore-diameter, nylon membrane filter (Nylaflo, Baxter Scientific Products) prior to use. All glassware was soaked in 2 N HNOâ nd 0.05 M NH2OH-HCl, and thoroughly rinsed with DDW prior to use. Reagent-grade chemicals were used in these experiments, including 2,3-naphthalenediol (Aldrich 98%). All standards, controls, and blanks were prepared in the same matrix as the samples following the same procedures outlined by Whelan and Sims [15] .
The experimental design, following the procedures of Whelan and Sims [15] and Whelan [16] , focused on monitoring Mn and the parent organic substrate using Inductively Coupled Plasma and High Performance Liquid Chromatography (HPLC), respectively. The Mn particles were prepared using a procedure based on Murray [17] and Godtfredsen [18] . The specific surface area associated with the Mn02 particles were determined using a Brunauer-EmmettTeller (BET) surface-area analyzer (Quantachrome Monosorb). The point of zero net charge (PZNC) was determined using KC1 as an indifferent electrolyte and was monitored with ICP and ion chromatography. Potassium-cation concentrations were measured using a Perkin-Elmer ICP/6000 with a detection limit to 0.2 mg/L. Chloride-anion concentrations were measured fol-lowing the U.S. Environmental Protection Agency's Method 300 [19] for the determination of inorganic anions in water. A Dionex Ion Chromatograph (IC) was used to monitor Cl" ions; it contained the following Dionex components: automated sampler, eluent-degas and basic-chromatography modules, conductivity detector, and gradient pump. The [15, 16] .
Three analyses were performed to determine the origin of the experimental precipitate observed in the study: infrared (IR) spectroscopy; microelemental determination for carbon, oxygen, and hydrogen; and scanning electron microscopy using an energy-dispersive x-ray analysis (EDXRA). The IR results are presented in Figure 7 and plot percent transmission versus frequency (in wave numbers). The EDXRA results are presented in Figure 8 and identify the major elements in the residue. [17, 18] . The difficulty in determining the PZNC for these oxide particles under low pH conditions is exemplified in Figure 2 and suggests a low PZNC. The high specific surface area, high CEC, small particle size, and low PZNC indicate that the particles have characteristics which lend themselves to being reactive.
Effects of pH on Reductive Dissolution of Manganese Oxide Particles
Following previous research [5, 21, 22] , Whelan and Sims [15] have suggested that the reductive-dissolution/organic-oxidation process could move through a free-radical formation prior to polymerization. Stone and Morgan [23] 
The total Mn associated with the system (MnT) can be expressed as
By combining Equations (1), (2), and (4), and by using a similar approach as that presented by Stone Equations (2) and (5) describe the functional role that protons play in the reductivedissolution process during the oxidation of aromatics in an oxic environment. Protons are consumed in this process, and a decrease in the pH should increase the reductive-dissolution rate. The results presented in Figure 3 follow the shape suggested by Equation (5) [24] , then Equation (6) (9) in which k4 = k3 [QH2] (10) where k4 is a rate constant. When the organic substrate is in excess, Equations (7) and (9) (11) in which k5 = (kj/k.^k, (12) Equation (11) is very similar to Equation (8).
Stone [6] performed a similar analysis using phenol when determining the exponent on the proton concentration by solving the following equation:
where k6 is a constant and p is an exponent. He solved for the exponent m and found that it ranged from <0.5 when pH of 4 was approached to greater than unity for pHs greater than 6. Equation (13) is very similar in form to Equation (11) . An analysis can be performed to estimate the exponent "n" on the proton concentration in Equation (11) . The condition associated with Equation (11) is chosen {i.e., (k^/ kx) > >
[Nap-(OH)2] }, as opposed to that associated with Equation (7) {i.e., (k^/ k1) [15] . The derivations outlined by Whelan and Sims [15] have shown that shape of the curve exhibited by Equation (14) satisfies the conditions for electron transfer/organic release as the rate-limiting step.
By taking the derivative of Equation (14) and combining Equation (15) with Equation (11) , the following expression can be derived: (15) 
Day 14 results of Equation (17) are plotted in Figure 9 with a coefficient of determination (r ) of 96%. The negative slope of the curve represents the exponent "n" and has a value of 0.4, which is similar to the value of 0.46 that Stone and Morgan [24] found for the oxidation of hydroquinone using reductive dissolution. Figure 9 represents the interrelationship between pH and the ligand and illustrates the integrated impacts of pH on the oxidation of the ligand [see Equations (17) and (18) Figure  6 are indicated by Equations (7) and (11) and the assumptions associated with their development.
-Poets of Concentration on Reductive Dissolution of Manganese Oxide Particles
The relationship between the rate of reductive dissolution of Mn (i.e., d
[Mn ]/dt) and organic-substrate concentration is described by Equation (5) . If 
dt ((k_! + k2 {H+}n) / kx) Equation (19) assumes that the rate-limiting step is electron transfer/organic release. Physically, Equation (19) states that the production of reduced Mn(II) is proportional to the square of the organic-substrate concentration when a majority of the reaction sites on the Mn oxide particle are not occupied by the substrate. When the fraction of surface sites occupied by the substrate is high, then the reductive-dissolution rate that is given by Equation (5) Figure 6 ). Figure 7 supports these conclusions as it presents the fraction of the organic oxidized (i.e., the molar ratio of the organic oxidized to organic control). By the first sample period (i.e., Day 1), nearly 100% of the parent organic for the 8 and 79 mg/L sampling vessels had been oxidized, while for the 801 mg/L sample, only 29% of the organic had been oxidized. The sharp decrease in the oxidized material in the 801 mg/L sample was due to the near complete reduction in Mn oxide particles [Mn(IV)] to Mn(II) (see Figure 6 ). The [15] have demonstrated that certain multiple-ringed aromatics in an oxic environment can be significantly oxidized in a metal-oxide reductive-dissolution process, thereby producing insoluble organic matter. Equation (2) Stevenson [25] , this spectral curve appears to correspond to an organic compound similar in nature to that of a polymerized naphthalenediol product [16] . Figure 8 and were used to identify the remaining 6 [23, 24] .
Production of by-products of a polymerized residue in an oxic environment helps to support the reductive-dissolution concept of free radicals as the focal point for residue production. Although free radicals were not monitored for, free-radical formation in an oxic environment would be consistent with the theory and results of other researchers [4, 27, 28] . Because the residue was insoluble in water at pH values ranging from~3 to~9 and in solvents (i.e., acetonitrile, dichloromethane, and water), the results demonstrate that multiple-ringed aromatics can be oxidized to produce products which may not be readily available as a mobile substance in subsurface systems. Although not specifically addressed herein, the polymerized products may also be less toxic to organisms.
